information to separate strains have largely taken over from the more traditional DNA-DNA hybridization (DDH) wet lab method for identifying novel species. Two such methods are the in-silico DDH hybridization method (genome-togenome distance calculator, GGDC) [9, 10] and average nucleotide identity (ANI) calculation using orthologous genes [11] . Both methods corresponds well to the DDH methodology, and proposed species delimitations are for GGD DDH >70 % genome similarity and >95 % for ANI. Different algorithms for ANI calculations exist, varying slightly depending on the genetic distance [11] . ANIb uses pairwise comparisons based on the BLAST algorithm while ANIm uses an alignment method based on the MUMmer algorithm. In addition, a G+C difference of >1 mol% has been proposed for distinguishing species [12] . Phylogeny based purely on 16S rRNA gene sequencing information has proven difficult because this genus shows more than 99 % similarity among different species [7, 13] . ANI calculations have been used to deepen our understanding of the diversity within this genus [7, 13] , and the genus Gilliamella currently comprises five recognized species, as Praet and Cnockaert [13] recently described four new species, isolated from bumblebees: G. bombi (NZ_FMWS01000014), G. bombicola (FMAQ01000001), G. intestini (FMBA01000001) and G. mensalis (NZ_FMWR01000014).
In the present study we have implemented a maximum-likelihood (ML) phylogenetic comparison of core genes from 52 Gilliamella strains that cover the above-mentioned diversity. These strains were isolated, and the genomes were sequenced, in previous studies ( Table 1) . The ML analysis clearly shows each closest neighbouring Gilliamella species and, in combination with ANI and GGD calculations for all these strains against G. apicola wkB1 T , we identified clear separation between main lineages within the genus. In addition, some taxonomic uncertainty among strains previously identified as G. apicola by 16S rRNA gene sequence similarity was identified. In a former study of 48 Gilliamella strains, it was suggested that one subgroup/lineage, which showed ANI similarities of~80 % towards wkB1
T , could represent a novel Gilliamella species. Through extensive comparisons of different Gilliamella strains we now show that this specific lineage (20 strains) , isolated (at the moment) solely from Apis mellifera, is genotypically and phenotypically different from other Gilliamella species, and therefore should be described as representing a novel species, for which we propose the name Gilliamella apis sp. nov. Here we report the phenotypic and genotypic characterizations of the type strain NO3
T in addition to three other strains from the same lineage (A-TSA1, A7 and N-G2).
Strain NO3
T was isolated from homogenized guts collected from honeybees in Ås, Norway. As part of a study to isolate tetracycline-resistant bacteria from the midgut/pyloric region, strains NO3
T and A7 were isolated after 48 h of incubation at 37 C, in an enhanced CO 2 atmosphere (BD GasPak EZ CO 2 Container system, Becton Dickinson; CO 2 !2.5 %), on tryptic soy agar (TSA) supplemented with 5 % horse blood and 12 µg tetracycline ml
À1
. From the same study, strains A-TSA1 and N-G2 were isolated on TSA + 5 % horse blood, but without tetracycline, using the abovedescribed culture conditions. Sub-cultivation was performed on TSA + 5 % horse blood with the same culture conditions to ensure purity before the genomes of the strains were sequenced using the Nextera XT DNA library preparation from Illumina on the MiSeq system as described [7] . The strains were mixed with heart infusion broth (HIB) with 11 % (v/v) glycerol and stored at À80 C until further characterization was performed.
All Gilliamella genomes were downloaded from NCBI, and single-copy core genes from selected Gilliamella strains (Table 1) were extracted from the pan-genome table created with the R package 'micropan' [14] . In total, 189 single-copy core gene clusters were translated to amino acid sequences, aligned and back-translated to nucleotide sequences using the R package 'Decipher' [15] . All the back-translated alignments were combined together. An ML analysis was conducted on the combined alignment with the R package 'phanghorn' [16] , using a GTR model and optimized for gamma rate, variable size, and topology with the rearrangement parameter set for stochastic and a 100Â bootstrap analysis. The ML tree was rooted on the Bombus branch because previous studies have shown Gilliamella strains isolated from Bombus to be distinct from Gilliamella strains isolated from Apis [8] . The ML analysis clearly separates strain NO3
T from the other Gilliamella species (Fig. 1 T represents a novel species (Table 2 ; underlined, Fig. 1 ). Strains SAG P17, M1-2G and P62G, described by Engel and Stepanauskas [6] and Zheng and Nishida [8] , respectively, cluster together with NO3 T ( Fig. 1 ; highlighted in grey), and both ANI (>97 %) and GGD (>70 %) support the argument that these strains represent the same species (Table 2 ; dark grey highlight). Similar ANI and GGD values are apparent for strain wkB30 (Table 3 ; highlighted in dark grey), which clusters with G. bombi ( Fig. 1 ; highlighted in grey). Due to ANI values being <96 %, it remains to be determined whether strains A7, N-G2, NW-3 and SAG I20 are included in, or should be separate from, the G. apis cluster. A similar assessment can be made regarding the cluster containing strains wkB7 and SAG B02 towards the G. apicola cluster (Table 2 ; highlighted in light grey). The same observation, with ANI values <96 %, was made for Imp1-6 and Choc5-1, which cluster with G. bombi and G. intestini, respectively (Table 3 ; highlighted in light grey).
For additional comparison with previous literature, we included 16S rRNA gene BLAST searches towards all five type strains (Local BLAST in Geneious v8). Strain NO3
T was found to be most closely related to G. apicola wkB1 T with 98.9 % similarity. Table S1 (available with the online version of this article) summarizes 16S rRNA gene sequence similarities T at the 16S rRNA gene level and that some strains are 99.3 % similar, indicating the species delimitation for G. apis to be at 0.6 % dissimilarity towards wkB1
T [7] . If we define the Gilliamella apis cluster ( Fig. 1 : medium grey box) based on proposed GGD and ANI species cut-off values (Table 2) , the within-species divergence is also 0.6 % based on a BLAST hit of >1400 bp of the 16S rRNA gene towards the type strain NO3 T (Table S1 ). We reconstructed a 16S rRNA gene phylogeny from a CLUSTAL W alignment of 1195 bp (bootstrap 100Â) (Geneious v8) of the strains in Table S1 , which places NO3 T in the Orbaceae/Gilliamella lineage, but in a separate cluster from any of the other four type strains (Fig. S1 ). Despite the fact that full-length 16S rRNA gene sequences of currently isolated strains do separate out the G. apis cluster, the 16S rRNA gene might not show enough resolution to separate between species in the future. Several new strains can be identified that might not separate at the species level due to possible overlapping similarity values.
The cultivation characteristics of strains NO3
T , A-TSA1, A7 and N-G2 are described in Table S2 . We tested growth on TSA, heart infusion agar (HIA) and Müller Hinton agar (MH), both with and without 5 % horse blood added, as well as growth on these agars at 30, 36 and 40 C. We streaked one 48-h-old colony on new agar plates and incubated in a microaerophilic atmosphere. All strains grew after 24 h of incubation with pinpoint large white/grey colonies on TSA + 5 % horse blood. Strains A7 and N-G2 showed slightly a-haemolytic colonies, which was visualized by a green/brown zone beneath the colony lawn. After 48 h, colonies of strains NO3
T and A-TSA1 were <1 mm in diameter, while those of strains A7 and N-G2 were 1 mm, all white/grey/opaque, slightly a-haemolytic and smooth. After 72 h, colonies of strains NO3
T and A-TSA1 were approximately 1.5-2 mm in diameter, while those of A7 and N-G2 were 2.5 mm. On HIA, colonies were non-haemolytic, Table 2 . Similarity values (%) and G+C difference between selected genomes spanning the lineages found in Fig. 1 All strains grew at 30 and 36 C on TSA and HIA with and without 5 % horse blood and no difference in colony size could be detected between the two agars. The strains grew better on MH agar + 5 % horse blood than on MH agar without blood at both temperatures, and strain N-G2 grew on MH without blood at 36 C. At 42 C growth was weak on TSA and HIA with and without horse blood, and was only visible where bacterial density was high. No growth was detected on MH agar or MH agar + 5 % horse blood at 42 C.
We also tested aerobic and anaerobic growth (AnaeroGen pouch, Thermo scientific; O 2 <0.1 % and CO 2 7-15 %) at 36 C. None of the strains grew in aerobic conditions, but all strains grew in anaerobic conditions, indeed as well as, or better (on MH) than, the growth observed in microaerophilic conditions (Table S2 ).
For strain NO3
T growth at pH 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0 was tested by incubating bacteria in tryptic soy broth (TSB) at 36 C in an enhanced CO 2 atmosphere for 48 h. TSB (Sigma Aldrich) was buffered to the above-mentioned pH values with 1.5 M NaCl and 1.0 M NaOH and autoclaved for 15 min at 121 C. The pH was measured after autoclaving in control tubes, which showed a decrease in pH of 0.1 unit. We added 50 µl of an overnight culture of NO3 T to 5 ml TSB and measured both pH and absorbance before and after 48 h of incubation. After incubation in an enhanced CO 2 atmosphere, pH was lowered 0.5 units in tubes without bacteria and additionally lowered 0.5 units in tubes with bacterial growth. Approximate cell density was measured using McFarland turbidity and found to be highest at pH The five type strains of Gilliamella are highlighted in black and bold and cluster separately. Dark grey box, Bombus; light grey box, Apis. The G. apis cluster is highlighted in the medium grey box and strains that were previously identified as G. apicola but could be renamed are shown in grey bold. ANIb values calculated between different lineages are shown at each dividing node, and the within-ANIb value for the G. apis cluster is shown within the medium grey box.
6.5-7.5, with maximum cell density of 1.06Â10 9 c.f.u. ml À1 at pH 7.0, with no growth at pH 5.5. Cells grew evenly within the broth and did not clump together as described for strain wkB1 T [2] .
Investigation of fermentation capacities and enzyme production was done using API kits (bioM erieux) on 24-h-old colonies following the manufacturer's recommendations. Previous studies using the API 20NE kit have shown lack of growth in the supplied medium [2, 13] , so we used API NH, which needs only 2 h for detection of fermentation reactions. We included G. apicola wkB1 T (=DSM 104097 T ) as a control, to enable comparison. Catalase and oxidase activity was tested using ID colour catalase (ID-ASE) (bioM erieux) and Bactident oxidase reagent (Merck), respectively, following the manufacturers' recommendations. All five strains (NO3 T , A-TSA1, A7, N-G2 and wkB1 T ) were negative for both catalase and oxidase activity. NO3
T , A-TSA1, A7 and N-G2 showed similar sugar fermentation profiles: positive for D-glucose, D-fructose and sucrose but negative for maltose. Using the API NH, a positive result for glucose fermentation was apparent for wkB1 T , which is in congruence with Engel and others [17] , but in contrast to Kwong and Moran [2] and Praet and Cnockaert [13] , who characterized wkB1 T as glucose-negative. Strains N-G2 and wkB1 T differed from the others in being g-glutamyl transferase-positive, and wkB1 T was also positive for b-galactosidase. We further tested using the API 20E kit, from which strain A7 lacked amygdalin fermentation, while NO3
T , A-TSA1 and N-G2 were all positive. wkB1
T did not yield any positive reactions using the API 20E kit, while the other strains did (Table S3) . Additionally, NO3
T , A7, A-TSA1 and N-G2 were positive for the Voges-Proskauer test (acetoin production), which indicates that they convert glucose by the butanediol fermentation pathway [18] .
Zheng and Nishida [8] showed that there is a high correlation between the genotype and the phenotypic sugar fermentation capacities of Gilliamella strains. Therefore, we determined the fermentation capacities for xylose, arabinose, mannose and rhamnose, inferred from the presence of nine sugar fermenting genes as previously described [8] . Strains NO3
T and A-TSA1 possessed the genes xylA and xylB and rhaA, rhaB and rhaD for xylene and rhamnose (Table S4) . Strains M1-2G and P62 also exhibited similar sugar fermenting profiles, which is consistent with the G. apis cluster and different from wkB1 T . Despite the presence of the rhamnose-utilizing genes in strains NO3
T , A-TSA1 and N-G2, the API 20E test did not yield a positive result for L-rhamnose (Tables  S3 and S4 ). This discrepancy might indicate that API 20E is not a suitable test for enzyme production in Gilliamella, as positive tests other than for D-glucose were also only positive after 48 h of incubation and D-glucose was not detected in wkB1
T . Engel and Martinson [19] showed a good correlation in G. apicola between the presence of pectate lyase (PL1) and the ability to break down pectin, and that one sub-lineage did not harbour these genes. This is consistent with the G. apis cluster in which strains NO3
T , A7, A-TSA1, N-G2, M1-2G and P62 all lack PL1 [7, 8] . Differential phenotypic and genotypic characteristics of Gilliamella type strains are summarized in Table 4 .
We characterized strain NO3
T morphologically by scanning electron microscopy (SEM) and light microscopy (phase contrast and Gram staining). For SEM imaging, bacterial cells from an overnight culture (TSB in enhanced CO 2 ) were spun down and fixed in 0.1 M PIPES buffer with 1.25 % glutaraldehyde and 2 % paraformaldehyde for 2 h at room temperature. Cells were washed three times in 0.1 M PIPES buffer and left overnight in this buffer. Cells were left to attach to a glass slide coated with poly-L-lysine for 1 h and then a dehydration protocol (50 to 100 % ethanol) was used before the cells were dried in an automated critical point dryer. The cells were coated with 80/20 % gold and palladium particles before visualization with a Zeiss EVO 50 microscope. Cell were rod-shaped and approximately 1.0Â0.25 µm in size (Fig. 2a) . Single cells, cells in pairs and in star-like clusters as well as long filamentous shapes were detected. Gram staining and phase contrast microscopy were performed on the same overnight culture but on flame fixed cells and live bacteria, respectively (Fig. 2b, c) . Cells were Gram-negative, rod-shaped, occurring singly and in pairs, and in both samples filamentous forms were detected. Star-shaped aggregates were suspected. Phase contrast microscopy of live cells showed that they were vigorously moving, which is consistent with cells growing evenly in broth. The SEM appeared to show some kind of filaments or attachment point on the short end of each rod, which could be flagella for movement, but exactly what this is needs to be confirmed.
We tested the susceptibility of strains NO3 T , A-TSA1, A7, G2 and wkB1
T to three different antibiotics -tetracycline, ampicillin, and streptomycin -using MIC strips (Montebello) and following EUCAST guidelines. Bacteria were dissolved in 0.9 % NaCl to 1.0 McFarland concentration and streaked in three directions on MH + 5 % horse blood, and incubated for 24 h in an enhanced CO 2 atmosphere before MICs were read. All five strains had similar MIC ranges for ampicillin, 0.19-0.38 mg l
À1
, but varied for the other two antibiotics (Table S5 ). The MIC for tetracycline was lower in N-G2 (0.19 mg l À1 ), which does not have resistance genes towards tetracycline [7] , and wkB1 T had the highest MIC (12.0 mg l À1 Table 4 .
Following sub-cultivations, the purity of strain NO3 T was confirmed by comparing 998 bp of the 16S rRNA gene sequence to the 16S rRNA gene sequence extracted from the original genome sequenced isolate. Only one nucleotide differed between the two sequences, which possibly originates from a sequencing error. Forty-eight-hour-old bacterial cells cultured in TSB were centrifuged and washed in PBS and then centrifuged again and supernatant removed. Cells were freeze-dried and sent to DSMZ (Braunschweig, Germany) for the identification of polar lipids and respiratory quinones, while a live cell culture was used for fatty acid characterization. All three analyses were carried out by the Identification Service of the DSMZ. Characterization of the fatty acids in strain NO3
T was done by analysis of fatty acid methyl esters, with the Sherlock MIS (MIDI) system. Similar to other Gilliamella type trains [2, 13] , the main fatty acids for NO3
T were C 18 : 1 !7c and/or C 18 : 1 !6c, C 16 : 0 , and C 14 : 0 3-OH and/or iso-C 16 : 1 I.
Respiratory lipoquinones were extracted using the two-stage method described by Tindall [20, 21] . The main respiratory quinone found was ubiquinone-8, which is consistent with G. apicola wkB1
T and other members of Orbeaceae [2, 17] . Praet and Cnockaert [13] failed to report any respiratory quinones for the other Gilliamella type strains as well as for wkB1 T when this strain was simultaneously tested. 'When polar lipids from the same biomass have previously been subjected to respiratory lipoquinone analysis the two-stage method described by Tindall [20] , and Tindall [21] is used to first extract the respiratory lipoquinones followed by the polar lipids' (https://www.dsmz.de/services/services-microorganisms/identification/analysis-of-polar-lipids.html). In strain NO3
T , phosphoaminoglycolipid, diphosphatidylglycerol, phosphatidylethanolamine and phosphatidylglycerol are the main polar lipids (Fig. S2) .
The data presented here show that the genus Gilliamella consists of several lineages, which might potentially represent novel species, but more strains should be phenotypically characterized before any decision is made on renaming those that fall outside clear clusters. Many bee species remain to be tested for the presence of Gilliamella, and thus possibly novel species can be discovered that will expand the current strain diversity. Nevertheless, comparison of both genomic content and phenotypic characteristics support that strains NO3
T and A-TSA1 clearly cluster within a separate phylogenetic lineage (ANI values of >97 %). ANI and GGD values (~80 % and >70 %, respectively towards other Gilliamella type strains) also support that this lineage is a novel species, for which we propose the name Gilliamella apis sp. nov.
DESCRIPTION OF GILLIAMELLA APIS SP. NOV.
Gilliamella apis (a¢pis. L. gen. fem. n. apis from a honeybee, the genus name of the honeybee Apis mellifera, which refers to the insect host of this species). 
